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Background: The associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) pro-
cedure promotes the proliferation of the future liver remnant, but evidence to support the feasibility of
ALPPS in livers with fibrosis is needed. Therefore the aim of this study was to establish a fibrotic ALPPS
model in the rat to compare the capacity of regeneration in the remnant liver with or without fibrosis.
Methods: In our study we first established a thioacetamide-induced fibrotic ALPPS model in rats. Then the
ALPPS-induced regenerative capacities of normal and fibrotic liver were compared in this animal model.
In addition, markers of regeneration, including the proliferative index and cyclin D1 and proliferating cell
nuclear antigen levels, as well as various indicators of liver function were determined to evaluate the
quality of the hepatic regeneration.
Results: Compared with that of the sham group (opening of the peritoneal cavity with no further op-
erative manipulation), the proliferation of the future liver remnant in fibrotic rat liver after the ALPPS
procedure was increased on postoperative days 1, 2, and 5 (P <.039 each). In addition, the proliferative
response was greater in the ALPPS group than in the ligation group subjected only to portal vein ligation
of the left lateral, left middle, right, and caudate lobes (P=.099, P=.006, and P=.020 on postoperative
days 1, 2, and 5, respectively). In contrast, the ALPPS-induced regenerative capacity in the fibrotic rat liv-
ers was attenuated compared with that in the normal liver on postoperative days 1, 2, and 5 (P <.031 for
each) after stage I and on postoperative day 5 after stage II of the ALPPS procedure (P <.005). This atten-
uated the recovery of liver function, and the greater mortality rate indicated that functional proliferation
was either delayed or not as extensive in the fibrotic rat livers.
Conclusion: Through establishing a rat model of thioacetamide-induced liver fibrosis, we found that
ALPPS-derived liver regeneration was present and feasible in fibrotic livers, but this effect was attenu-
ated compared with that in normal liver.

© 2018 Published by Elsevier Inc.

Introduction

(FLR) hinders more radical hepatectomies in several clinical set-
tings.> Therefore the associating liver partition and portal vein

Despite newly developed therapies, such as transcatheter ar-
terial chemoembolization, radiofrequency ablation, and sorafenib,
liver resection remains the only potentially curative therapy
for hepatic malignancies."? Posthepatectomy liver failure (PHLF)
caused by the insufficient function of the future liver remnant
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ligation for staged hepatectomy (ALPPS) procedure has become
increasingly popular worldwide.># During stage 1 of ALPPS, the
branch of the portal vein to the part of the liver to be resected
later during stage 2 of ALPPS, combined with transection of the
parenchymal continuity between the liver to be removed and the
FLR, accelerates the hypertrophy of the FLR. Then the second stage
of ALPPS follows with the removal of the deportalized part of
the liver, provided the FLR reaches an appropriate size and func-
tion after the removal of the deportalized liver to allow adequate
liver function after this major hepatectomy. According to data
from the ALPPS registry (www.alpps.net), severe complications
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(Clavien-Dindo grade > IIIb) of 27% and a mortality rate of 9% for
ALPPS have prompted the hepatobiliary community to re-evaluate
its cost to benefit ratio.’

Liver fibrosis, a pathologic condition characterized by exces-
sive, postdestructive regeneration of the hepatic parenchyma, is
a precursor to cirrhosis and increases the chance of developing
hepatocellular carcinoma.5’ As suggested by previous studies indi-
cating that the partial hepatectomy-induced regenerative capacity
is attenuated in livers with fibrosis, the feasibility of the ALPPS
procedure has to be questioned in livers with fibrosis or cirrho-
sis.®” Only a few studies with a limited number of cases have been
reported where patients with fibrosis or cirrhosis have undergone
an ALPPS procedure.>$: Until now, the evidence to support the
feasibility of ALPPS in livers with fibrosis or cirrhosis has been
scarce; several studies have used animal models of ALPPS, but
these animals had a normal, nonfibrotic liver (Table 1).19-23

Prolonged exposure to thioacetamide (TAA), a potent hepato-
toxin that causes necrosis around the central veins after acute ad-
ministration, will result in bile duct proliferation and pathologic
indicators of liver fibrosis or cirrhosis.2* Therefore, the aim of this
study was to establish a TAA-induced model of hepatic fibrosis in
the rat to evaluate the feasibility of using ALPPS for fibrotic livers;
we also compared the regenerative capacity in rat livers with or
without fibrosis using several operative models. These findings will
provide a theoretical foundation to improve the clinical safety and
feasibility of the ALPPS procedure in patients with hepatic fibrosis
and cirrhosis.

Methods
Animals and ethics

In this study we used male Sprague-Dawley rats, aged 8 to 10
weeks and weighing 200 to 250 g, from the Experimental Ani-
mal Center of Zhejiang Province, China. All rats were housed in a
restricted access room with a controlled temperature (23°C) and
light/dark (12 h/12 h) cycle; the rats had free access to food and
water before and after treatment. The protocol was reviewed and
approved by the Animal Ethics Committee of Zhejiang University,
Hangzhou, China. In addition, all experiments were performed in
accordance with the ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines, which are considered key for describing a
study comprehensively and transparently.?’

Study design

The entire study contained several steps as described later. Ini-
tially, thioacetamide (0.1 g/mL) was injected intraperitoneally twice
a week (2.0 mL/kg) to establish the rat model of hepatic fibrosis.
Based on the severity of fibrosis (using the Ishak scoreZ6) after dif-
ferent durations of TAA treatment, a reliable model of TAA-induced
hepatic fibrosis was determined using 9 consecutive weeks of TAA
treatment. Next we established the model for the ALPPS proce-
dure in rats with normal livers. Then the rats were divided ran-
domly into an ALPPS group, a ligation group, a partition group, and
a sham group. We used only 3 experimental groups for rats with
TAA-induced fibrotic livers: an ALPPS group subjected to the ALPPS
procedure; a ligation group subjected to the ligation of the portal
veins to the left lateral, left middle, right, and caudate lobes; and a
sham group subjected only to the opening of the peritoneal cavity
and closing the abdomen, because the FLR in the partition group
did not lead to any relevant FLR hypertrophy in normal liver. In the
ALPPS (A) group, the portal vein supplying the left lateral, right,
and caudate lobes was ligated after the transection of the mid-
dle lobe parenchyma. In the ligation (L) group, only the portal vein
supplying the left lateral, right, and caudate lobes was ligated. In
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PHX, partial hepatectomy. Proliferation (%)= (Postoperative future liver remnant - Preoperative future liver remnant)/Preoperative future liver remnant * 100%; Regeneration speed (percentage/day)
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Fig. 1. Establishment of a TAA-induced fibrosis model. (A) TAA-induced fibrosis model (n=3 for each condition). (B) Specimens from normal and fibrotic livers; HE staining
of normal and fibrotic livers (X100) and Masson staining of normal and fibrotic livers (X100) show the deposition of collagenous fibers and formation of pseudolobules.
(C) Relative mRNA expression levels of TGF-8, «-SMA, collagen I o1 and collagen I «2 between normal and fibrotic livers. (D) Western blott analysis of vimentin in livers

with or without fibrosis. TAA, thioacetamide; HE, hematoxylin-eosin.

the partition (P) group, only the middle lobe parenchyma was tran-
sected. In the sham (S) group, the peritoneal cavity was opened
and closed. Each group contained 6 rats for each time point (n=6).
Afterward, the capacity of ALPPS-derived liver regeneration in rats
with normal livers and rats with TAA-induced fibrotic livers was
compared.

Operative technique

All rats (N=162) were fasted for 8 hours before the opera-
tions. Under general anesthesia with 8% chloral hydrate (5.0 mL/kg)
via intraperitoneal injection, the rats were subjected to a trans-
verse abdominal incision. For the ALPPS procedure, in brief, af-
ter the left lateral lobe was dissected, the portal vein supplying
the corresponding lobe was ligated with 5-0 silk. Artery and bil-
iary duct branches were maintained. Then the same procedure was
conducted for the portal branches of the right and caudate lobes.
Along with the ischemic demarcation line of the middle lobe, the
parenchyma was partitioned with bipolar energy at 40 Joules (See
Fig 2 B). For stage II, the left lateral, left middle, right, and cau-
date lobes were removed on the fifth day after stage I of the ALPPS
procedure. Given that the metabolism of rats is much faster than
that of humans, the FLR proliferation is correspondingly acceler-
ated. Therefore the rats were killed on day O for baseline measure-
ments (n=6), as well as on days 1, 2, and 5 after the operation.
Blood samples were obtained by cardiac puncture and were used

to detect liver injury. After weighing, specimens were preserved
and fixed in formaldehyde for subsequent analyses.

Proliferation of the FLR

Proliferation of the FLR was assessed by the right middle lobe
(RML) weight-to-body weight (BW) ratio. To further confirm the
regenerative response, proliferation markers, including Ki67, prolif-
erating cell nuclear antigen (PCNA), and cyclin D1, were assessed.
In addition, the proliferative index (PI), or the ratio of Ki67-positive
hepatocytes, was calculated randomly in 4 visual fields (x 200)
by Image-Pro Plus 5.1 (Media Cybernetics, Inc, Rockville, MD, USA)
and was used for the quantitative analysis of proliferation.

Assessment of the liver injury

Biochemical analyses for alanine transaminase (ALT), albumin,
total bilirubin, and prothrombin time (PT) were used for assessing
liver injury. The serum levels of ALT, albumin, and total bilirubin
were detected by an Abbott Architect c-system. The corresponding
reagents were 7D56 ALT Reagent Kit (Abbott Diagnostics, Shang-
hai, China), 7D53 Albumin BCG (Abbott, China), and Total Biliru-
bin Kit (Abbott). A Coulter LH 750 automatic detection system
(Beckman-Coulter, Inc, Fullerton, CA) was applied for detecting the
PT. Measurement of P450 enzymes and inflammatory markers was
conducted by quantitative real-time polymerase chain reaction
(PCR) as described later.
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Fig. 2. ALPPS model in livers with fibrosis. (A) Schematic diagram of the ALPPS procedure. (B) Images of the ALPPS, ligation, and sham groups. (C) The proliferation curve in
the fibrotic liver model (n=6 for each condition). * and # represent the ALPPS group and the ligation group compared with the other groups, respectively. *P<0.05, **P<0.01,
***P<0.001 and #P<0.05, ##P<0.01, ###P<0.001. (D) Western blot of PCNA and cyclin D1 for each group. (E) Representative images of Ki67 staining by IHC for each group
(X200). (F) Proliferative index in the groups. TAA, thioacetamide; RML, right middle lobe; BW, body weight; HE, hematoxylin-eosin; IHC, immunohistochemistry.

Quantitative real-time PCR

Total RNA was extracted from 50 mg of liver specimens by TRI-
zol reagent (CWBIo Co, Ltd, Beijing, China). Five micrograms of RNA
was reverse-transcribed using the HiFiScript cDNA Synthesis Kit
(CWBIo0) to yield the complementary DNA template. Quantitative,
real-time PCR amplification was performed by a Roche Light Cy-
cler 480Il. The expression of messenger RNA is shown as the fold
induction. The primers for interleukin-6, tumor necrosis factor «,
transforming growth factor 8 (TGF-8), & smooth muscle actin, col-
lagen I o1, and collagen I @2, as well as P450 enzymes, including
CYP1A1, CYP2D6, and CYP3A1, are listed in Supplementary Table 1
(online version only).

Histologic examination

Liver tissues were immersion fixed in 4% formaldehyde,
embedded, sectioned, gradient dehydrated, and stained with

hematoxylin-eosin (HE) or subjected to immunohistochemistry. To
verify TAA-induced fibrosis, Masson staining was performed with a
Masson kit (Jiancheng Science and Technology Ltd, Nanjing, China).

Western blotting

Standard Western blotting assays were performed to analyze
protein expression as described previously.?” In brief, samples
were treated with lysis buffer, and the proteins were separated on
10% to 12% sodium dodecyl sulfate polyacrylamide gels and then
transferred onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA). After blocking, the membranes were incubated
with the appropriate dilutions of specific primary antibodies
overnight. The blots were incubated with horseradish peroxidase-
conjugated secondary antibodies and visualized using an enhanced
chemiluminescence system (ThermoFisher Scientific, Rochester,
NY). The antibodies against Ki67 (ab15580), PCNA (ab29), cyclin
D1 (ab134175), and B-actin (ab8226) were produced by Abcam
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(Cambridge, MA), and vimentin (no. 5741) was obtained from Cell
Signaling Technology (Beverly, MA).

Statistical analysis

Data are expressed as the mean with standard deviation or
median with range and compared with Student’s t test or Mann-
Whitney U test. The differences between groups were assessed by
1-way analysis of variance (least significant difference post-test).
Statistical analyses in this study were performed using SPSS Ver-
sion 22.0 for Windows (IBM Corp, Armonk, NY).

Results
Establishment of the rat model of TAA-induced fibrosis

After consecutive drug treatment for 6, 9, and 12 weeks, the
liver presented with varying degrees of fibrosis (n =3 for each con-
dition; Supplementary Fig 1). On the basis of the classic Ishak
scoring system, a feasible fibrosis model with a granular nodular
pathologic condition was determined after 9 weeks treatment with
TAA (Fig 1 A). Furthermore, HE and Masson staining identified the
deposition of collagenous fiber and the formation of pseudolob-
ules (Fig 1 B). According to the increased expression levels of cy-
tokines promoting the deposition of collagen fibers, including TGF-
B, o smooth muscle actin, collagen I @1, and collagen [ @2, and the
increase in vimentin protein levels, the formation of TAA-induced
fibrosis was further confirmed (Fig 1, C and D).

Establishment of an ALPPS model

For the ALPPS model in normal liver (n=6), we ligated the
portal vein to the right and caudate lobes and the common trunk
of the left lateral and middle lobes. Then transection was per-
formed between the left and right middle lobes (Supplementary
Fig 2, A). Likewise, other models (ligation, partition, and sham
models, n=6 for each condition) were established successfully
(Supplementary Fig 2, A). The regeneration of the FLR induced
by the different operative procedures was compared (Supple-
mentary Table 2). When compared with the baseline level (n=6)
of RML/BW of 1.09% (1.01%-1.12%), the mean RML/BW ratio in-
creased rapidly to 1.50% (1.28%-1.63%), 1.80% (1.54%-2.11%), and
2.97% (2.33%-4.42%) on day 1, day 2, and day 5, respectively,
after stage I of the ALPPS procedure. The ratios of the ligation,
partition, and sham groups (n=6 for each group) were 1.20%
(0.87%-1.52%), 1.10% (0.95%-1.19%), and 1.14% (0.98%-1.40%) on
the first day, 1.59% (1.50%-1.67%), 1.20% (0.93%-1.46%), and 1.16%
(1.00%-1.25%) on the second day, and 2.46% (2.25%-2.78%), 1.44%
(1.14%-2.14%), and 1.06% (0.87%-1.22%) on the fifth day (n=6
rats per day; Supplementary Fig 2, B). As shown earlier, the
ALPPS procedure induced a greater regenerative response, al-
though there were no significant differences between the ALPPS
and ligation groups on day 2 (P=.059) and day 5 (P=.171). To
further investigate the regenerative response, detection of Ki67,
PCNA, and cyclin D1 was performed; the upregulation of these
markers indicated greater proliferative activity in the ALPPS group
(Supplementary Fig 2, C and D). For quantitative analysis, the
increased PI of the ALPPS group confirmed substantial liver
regeneration (Supplementary Fig 2, E, and Supplementary Table 3).

The feasibility of ALPPS in rat liver with TAA-induced fibrosis

To investigate the feasibility of ALPPS in rat livers with fibro-
sis, the ALPPS, ligation and sham groups were studied (n=6 for
each condition; Fig 2 B). Regarding regeneration of the FLR, the
mean RML/BW ratio was 1.08% (1.01%-1.15%) at baseline, and was

similar to that of normal livers. On postoperative days 1, 2, and 5,
the mean RML/BW ratios were 1.19% (0.92%-1.41%), 1.46% (1.32%-
1.65%) and 2.29% (2.06%-2.65%), respectively, in the ALPPS group
and 0.96% (0.65%-1.17%), 1.03% (0.85%-1.32%), and 1.06% (0.96%-
1.33%) in the sham group (Supplementary Table 2). These results
strongly indicated the dramatic induction of regenerative capacity
by the ALPPS procedure (P < .039 at each time point). In addi-
tion, compared with that of the ALPPS group, the induced prolifer-
ation tended to be less in the ligation group (ALPPS versus ligation,
1.19% vs 1.01%, P=.099, on day 1; 1.46% vs 1.16%, P=.006, on day 2;
2.29% vs 2.04%, P=.020, on day 5; Fig 2, C). The expression levels
of the proliferation-associated markers Ki67, PCNA, cyclin D1, and
PI were also increased in the ALPPS group, suggesting an acceler-
ated regenerative response compared with the other groups (Fig 2,
D, E, and F, and Supplementary Table 3).

Comparison of ALPPS-derived liver regeneration in normal and
fibrotic models

To further evaluate the feasibility of the ALPPS procedure in
rat liver with fibrosis, a comparison of ALPPS in normal and fi-
brotic livers was conducted. With the same ALPPS procedure, the
mean RML/BW ratios in livers with fibrosis (n=6 for each condi-
tion) were significantly lower than those in normal livers, whereas
no differences were found between the 2 sham groups (Fig 3, A).
Furthermore, compared with the proliferation indices for ALPPS in
livers with fibrosis, those for ALPPS in normal livers indicated a
greater regenerative capacity (Fig 3, B, and Supplementary Table 3).
Likewise, the greater expression of PCNA and cyclin D1 suggests
that the regenerative response remained activated even on the fifth
day after stage I of the ALPPS procedure in normal livers (Fig 3, C).

In terms of liver injury, the messenger RNA Ilevels of
interleukin-6 and tumor necrosis factor o increased significantly,
which implied a greater inflammatory response in the fibrotic
ALPPS group, especially in the early phase (Fig 3, E). Importantly,
the significantly greater PT reflected poor coagulation function in
the fibrotic ALPPS group (P=.046 on day 2). Moreover, unfavorable
results, including a notably a lesser concentration of serum albu-
min and greater levels of ALT and total bilirubin (albeit nonsignifi-
cant changes), implied a more severe damage and inferior recovery
in the ALPPS group for livers with fibrosis (Fig 3, F). To investigate
functional proliferation, P450 enzymes, such as CYP1A1, CYP2A6,
and CYP3A1, were measured by quantitative PCR with 3 biologic
repetitions. The relatively lesser expression of CYP2A6 indicated
that functional proliferation in ALPPS-derived new hepatocytes in
livers with fibrosis lagged behind that in normal livers (Fig 3, D).

For stage Il of the ALPPS procedure (Fig 4, A), 2 rats in the fi-
brotic ALPPS group (n=6) died after the operation. The most likely
reason was that of PHLF because of an insufficient FLR (Fig 4, B).
The efficiency of ALPPS-induced proliferation after stage Il was still
inferior in livers with fibrosis (P=.005; Fig 4, C). Similarly, lesser
levels of serum albumin in livers with fibrosis reflected more se-
vere damage in ALPPS-derived stress (P < .001; Fig 4, D). Taken
together, the data indicate that ALPPS-derived liver regeneration is
feasible but attenuated in livers with fibrosis.

Discussion

Because majority of previous ALPPS cases were reported in nor-
mal livers, the data regarding the feasibility and safety of ALPPS
in livers with fibrosis or cirrhosis remain poorly documented.”??
There is insufficient high-level evidence to support the feasibil-
ity of ALPPS in fibrotic livers because the compensatory pro-
liferation after parenchymal damage is not well described. Ex-
perimental models are preferred because they are safer initially
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Fig. 3. Comparison of the different groups. (A) Comparison of the proliferation according to RML/BW induced by the ALPPS procedure in rat livers with or without fibrosis
(n=6 for each condition). (B) The proliferation indices were compared between the groups. (C) Western blot of PCNA and cyclin D1 for each group. (D) Relative mRNA
expression of the P450 enzyme in the groups with three biological repetitions. (E) Inflammatory biomarkers in the groups with three biological repetitions. (F) Assessment
of liver function in the groups. *P<0.05, **P<0.01, and ***P<0.001, represent the fibrotic ALPPS group compared with the other groups, while #P<0.05, #P<0.01, and
###P<0.001 represent the normal ALPPS group compared with the other groups. FA, fibrotic ALPPS; FS, fibrotic sham; NA, normal ALPPS; NS, normal sham. RML, right middle

lobe; BW, body weight, FLR, future liver remnant.

than studying humans, can be standardized to yield better re-
producibility, summarize more powerful evidence, and achieve
wider application, particularly for high-risk operations; thus we
established an ALPPS model in rats with TAA-induced fibrosis to
evaluate the feasibility of ALPPS in a fibrotic liver. Given its impres-
sive capacity for promoting rapid FLR proliferation, ALPPS-derived
regeneration in livers with fibrosis has important clinical implica-
tions.

To the best of our knowledge, this is the first animal model to
evaluate the feasibility and function of the ALPPS procedure in liv-
ers with fibrosis. In this study the degree of fibrosis was relatively
stable with the short interval time. Moreover, individual differ-

ences regarding the severity of fibrosis were negligible compared
with normal livers. Overall, the establishment of this rat model of
ALPPS in a fibrotic liver has yielded meaningful findings. Initially,
compared with the ligation and sham groups in the fibrotic rat
model, faster proliferation of the FLR suggests that ALPPS is fea-
sible in rat livers with fibrosis. Another important finding is that
the hypertrophy capacity in fibrotic livers deteriorated. As men-
tioned in a literature review reporting that regeneration has a neg-
ative linear correlation with the degrees of fibrosis, our previous
study indicated that extreme insufficiency of the predicted FLR in
livers with fibrosis prevented our ability to recommend the ALPPS
procedure in such patients.® Given that long-term TAA treatment
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Fig. 4. Stage II of the ALPPS model in normal and fibrotic livers. (A) Image of stage Il. (B) Survival after stage Il of the ALPPS procedure (n=6 for each condition). (C)
Comparison of FLR regeneration in normal and fibrotic ALPPS groups. (D) Assessment of liver function after stage II. RML, right middle lobe; BW, body weight, FLR, future

liver remnant.

leads to a broad range of fibrotic changes in the liver, the feasibil-
ity of ALPPS in mild or moderate fibrotic livers remains controver-
sial. Negative correlations between the grade of fibrosis and liver
regeneration after hepatectomy will be investigated in our follow-
up study.

In clinical settings, because PHLF still occurs on occasion in
patients with an otherwise adequate FLR as measured by the
quantitative ratios of the FLR and the body weight, even with
refinements in operative technique, doubts have been raised about
the maturity and function of ALPPS-induced new hepatocytes,
especially in diseased livers. The fate of cell development has been
illustrated by lineage tracing methods, and basic studies have elu-
cidated that it takes approximately 8 to 10 days for a hepatoblast
to mature into a hepatocyte.?®2° Within the short interval period
of the ALPPS procedure, the origin of the induced hepatocytes
is yet to be answered. Compared with the conventional partial
hepatectomy model, which replenishes liver mass through the
proliferation of mature hepatocyte,?6-30 our research indicates that
hepatic progenitor cells might be activated by the ALPPS procedure
to promote accelerated proliferation in the fibrotic liver of the
rat.?5 In this study the lesser serum albumin levels, relatively
downregulated CYP26D, and the 33% mortality in stage Il in the
fibrotic ALPPS group indicated that the process of new hepatocyte
maturation and differentiation appears to be delayed. The first
ALPPS consensus meeting held in Hamburg in 2015 indicated
that stage Il should be performed when the FLR reached 40% in

livers with cirrhosis or 25% to 30% in normal livers.?! Given the
volumetrically and functionally impaired regenerative capacity
in livers with fibrosis, the timing for stage II of ALPPS in livers
with fibrosis should be evaluated with more caution, especially in
patients with a marginally adequate FLR.

Although the hedgehog pathway has been involved in ALPPS-
derived liver regeneration, additional mechanisms need to be
evaluted.?! Technically, FLR hypertrophy triggered by the ALPPS
procedure may be related to the redistribution of portal inflow
and the systemic inflammatory response.'%7.18 Compared with
conventional portal vein embolism, a greater regenerative response
will be activated via complete devascularization between the hy-
pertrophic and atrophic lobes, decreasing the microcirculation
between the deportalized lobe and the FLR and accelerating FLR
proliferation. After transection of the liver parenchyma, systemic
increases in inflammatory factors promoting ALPPS-derived regen-
eration have been reported.' By using differential gene expression
and enrichment of the KEGG pathways for ALPPS in normal and
TAA-induced fibrotic livers via next generation sequencing, our fu-
ture work will explore the specific molecular pathways mediating
ALPPS-induced liver regeneration.

Several limitations should be acknowledged. First, the anatomic
liver structure of rats is quite different from that of humans, so the
rat model cannot completely mimic the clinical ALPPS procedure.
Also, whether TAA-induced fibrosis can accurately represent other
types of liver fibrosis or cirrhosis caused by, namely, viral hepati-
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tis, alcohol abuse, nonalcoholic steatohepatitis, certain medications
and hepatotoxins, and hereditary metabolic defects is controversial.
The evidence to support the feasibility of ALPPS in such diseased
livers is insufficient. Given the limitations of our rat model, several
functional assessments of new hepatocytes, including hepatobil-
iary scintigraphy, indocyanine green clearance, and portal flow by
Doppler measurements, are not easy to perform in this rat model.
Therefore the maturity of ALPPS-induced regeneration in fibrotic
livers needs to be elucidated fully in the future.

In conclusion, through the establishment of a rat model of TAA-
induced fibrosis, we found that ALPPS-derived regeneration was
feasible but attenuated in livers with fibrosis, which provided the
preliminary theoretic foundation for the feasibility of ALPPS in fi-
brotic or cirrhotic livers.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.surg.2018.08.014.
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